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ELECTROLYTIC REDUCTION OF METAL OXIDES SUCH AS TITANIUM DIOXIDE AND PROCESS APPUCA HONS 

The invention relates to improvements in the electrolytic reduction of metal compounds and in 
particular to improvements in the reduction of titanium dioxide to produce metallic titanium. 

International Patent Specification PCT/GB99/01781 describes a method of the removal of 
oxygen from metals and metal oxides by electrolytic reduction. Subsequently referred to in this 
document as the Electrolytic reduction process'. The method involves the electrolysis of the 
oxide in a fused salt, and wherein the electrolysis is performed under conditions such that the 
reaction of oxygen rather than the cation of the salt deposition occurs at an electrode surface and 
such that oxygen dissolves in the electrolyte. The metal oxide or semi-metal oxide to be reduced 
is in the form of a solid sintered cathode. 

■ * 

The current inventors have developed improvements to this process which greatly enhance the 
efficiency and usefulness of the general technique. 

The general technique is described as follows: a method of removing oxygen from a solid metal, 
metal compound or semi-metal MjO by electrolysis in a fused salt of M2Y or a mixture of salts, 
which comprises conducting electrolysis under conditions such that reaction of oxygen rather 
than M2 deposition occurs at an electrode surface and that oxygen dissolves in the electrolyte 
M 2 Y. 

Mi may be selected from the group comprising Ti f Zr, Hf, Al, Mg, U, Nd, Mo, Cr, Nb, Ge, P, 
As, Si, Sb, Sm or any alloy thereof. M 2 may be any of Ca, Ba, Li, Cs, Sr. Y is CI. 

The invention will now be described by way of examples only and with reference to the 
following figures of which: 

Figure 1 shows an embodiment wherein the metal oxide to be reduced is in the form of granules 
or powder 
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Figure 2 shows an embodiment wherein an additional cathode is provides in order to refine the 
metal to the dendritic form. 

Figure 3 shows an embodiment showing the use of continuous powder or granular feed. 
Production of powder by reduction of sintered metal oxide granules 

The inventors have determined that sintered granules or powder of metal oxide, particularly 
titanium dioxide, or semi-metal oxide can be used as the feedstock for the electrolysis used in 
the above referenced method, as long as appropriate conditions are present. This has the 
advantage that it would allow very efficient and direct production of titanium metal powder, 
which is at present veiy expensive. In this method, powdered titanium dioxide in the form of 
gifenules or powder preferably having a size in the range 1 0 ^m to 500 \im diameter; more 
preferably, in the region of 200 p,m diameter. 

A semi-metal is an element that has some characteristics associated with a metal, an example is 
boron, other semi-metals will be apparent to a person skilled in the art 

In an example illustrated by figure 1, the granules of titanium dioxide 1, which comprise the 
cathode, are held in a basket 2 below a carbon anode 3 located in a crucible 4 having a molten 
salt 5 therein. As the oxide granules or powder particles are reduced to metal they are prevented 
from sintering together by maintaining particle motion by any appropriate method e.g. in a 
fluidised bed arrangement. Agitation is provided either by mechanical vibration or by the 
injection of gas underneath the basket. Mechanical vibration can for example be in the form of 
ultrasonic transducers mounted on the outside of the crucible or on control rods. The key 
variables to adjust are the frequency and amplitude of the vibrations in order to get an average 
particle contact time which is long enough to get reduction, but short enough to prevent diffusion 
bonding of the particles into a solid mass. Similar principles would apply to the agitation by gas, 
except here the flow rate of gas and size of the bubbles would be the variables controlling 
particle contact time. Additional advantages of using this technique are that the batch of powder 
reduces evenly, and, due to the small size of the particles, rapidly. Also the agitation of the 
electrolyte helps to improve the reaction rate. 
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In the above example, titanium is obtained by the method from titanium dioxide. However the 

« 

method can be applied to most metal oxides to produce the metal powder. 
Production of powder by deposition of Ti onto the cathode 

The inventor has determined that if titanium is deposited onto a cathode (based on the 
electrolytic process stated above) from another source of titanium at a more positive potential, 
the resulting titanium deposited thereon is dendritic in structure. This form of titanium is easy to 
break up into a powder since individual particles of titanium are connected together by only a 
small area. 

This effect can be used for producing titanium powder from titania. In this refinement, shown in 
Figure 2, of the above referenced method, a second cathode 6 is provided which is maintained at 
a potential which is more negative than the first cathode 7. When the deposition of titanium on 
the first cathode has progressed sufficiently, the second electrode is switched on, leading to the 
dissolution of titanium from the first cathode and deposition onto the second cathode, in 
dendritic form 8. The other reference numerals represent the same items as in figure 1 . 

The advantage of this process is that dendritic deposited titanium is easily turned into powder. 
This process will also add an additional refining step in the reduction of titania which should 
result in a higher product purity. 

Use of continuous powder feed 

■ 

One improvement in the electrolytic process that has been developed by the inventors is of 
continuously feeding powder or granules of the metal oxide or semi-metal oxide. This allows for 
a constant current and higher reaction rate. A carbon electrode is preferred for this. Additionally 
cheaper feedstock can be used because a sintering and/or forming stage may be missed out. The 
oxide powder or granular feed drop to the bottom of the crucible and are gradually reduced to a 
semi-solid mass of metal, semi-metal or alloy by the electrolytic process. 

This method is shown in figure 3 which shows a conducting crucible 1 which is made the 
cathode containing a molten salt 2 and inserted therein is an anode 3. Titanium dioxide powder 
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or granules 4 are fed into the crucible where they undergo reduction at the base of the crucible . 
The thick arrow shows the increasing thickness of the reduced feedstock 5. 

Improved Feedstock for Electrolytic Reduction of Metal Oxide. 

A problem with the process described in W099/64638 is that to get reduction of the oxide 
electrical contact must be maintained for some time at a temperature at which oxygen diffuses 
readily. Under these conditions the titanium will diffusion bond to itself resulting in clumps of 
material stuck together rather than free flowing powder. 

m 

The inventors have determined that when the electrolysis is performed on a sintered mass of a 
mixture of metal oxide substantially comprising particles of size generally greater than 20 
microns and finer particles of less than 7 microns, the problem of diffusion bonding is mitigated. 

Preferably the finer particles make up between 5 and 70% of the sintered block by weight. More 
preferably, the finer particles make up between 10 and 55% of the sintered block by weight. 

High density granules of approximately the size required for the powder are manufactured and 
then are mixed with very fine unsintered titanium dioxide, binder and water in the appropriate 
ratios and formed into the required shape of feedstock . This feedstock is then sintered at to 
achieve the required strength for the reduction process. The resulting feedstock after sintering 
but before reduction consists of high density granules in a low density (porous) matrix. 

* 

For the sintering stage, the use of such a bimodal distribution of powders in the feedstock is 
advantageous as it reduces the amount of shrinkage of the shaped feedstock during sintering. 
This is turn reduces the chances of cracking and disintegration of the shaped feedstock resulting 
in a reduced number of reject items prior to electrolysis. The required or useable strength of the 
sintered feedstock for the reduction process is such that the sintered feedstock is strong enough 
to be handled. When a bimodal distribution is used in the feedstock, as there is a reduction in the 
cracking and disintegration of the sintered feedstock, there is an increased proportion of sintered 
feedstock which has the required strength. 

The feedstock can be reduced as blocks using the usual method and the result is a friable block 
which can easily be broken up into powder. The reason for this is that the matrix shrinks 
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considerably during the reduction resulting in a sponge-like structure, but the granules shrink to 
form a more or less solid structure. The matrix can conduct electricity to the granules but is 
easily broken after reduction. 

Hie manufacture of titanium dioxide feedstock, either rutile or anatase, from the raw ore (sand 
mined illemite) by the sulphate route comprises a number of steps. 

During one of these steps titanium dioxide in the form of amorphous slurry undergoes calcining. 
The inventors have determined that titanium dioxide amorphous slurry can be used as the 
principle feedstock for titanium production by the electrolytic reduction process and has the 
advantage that it is cheaper to produce than the crystalline, calcined titanium dioxide. The 
electrolytic process requires the oxide powder feedstock to be sintered into a solid cathode. 
However it has been found that the amorphous titanium dioxide does not sinter well; it tends to 
crack and disintegrate even when mixed with an organic binder beforehand. This occurs because 
of the fine particle size of the amorphous material which prevents close packing of the powder 
before sintering. The result of this is large shrinkage during the sintering process which results in 
a friable as-sintered product. However it has been determined that if a small amount of the more 
expensive calcined material is mixed with the amorphous material and an organic binder 
satisfactory results after sintering are obtained. This quantity should be at least 5% of the 
calcined material. 

Example 

About 1 kg of rutile sand (titanium dioxide content 95%) from Richard Bay Minerals , South 
Africa, with an average particle size of 100 ym was mixed with 10 wt.% rutile calciner discharge 
from the company TiOxide (made from the sulphate process) which had been ground in a pestle 
and mortar to ensure a fine particle agglomerate size. To this was added a further 2 wt.% binder 
(methyl cellulose) and the whole mix was shaken with a mechanical shaker for 30 minutes to 
ensure a homogenous feedstock. The resulting material was then mixed with distilled water until 
the consistency of the paste was about that of putty. This material was then flattened by hand 
onto a sheet of aluminium foil to a thickness of about 5 mm and then scored, using a scalpel 
blade, into squares of side 30 mm. This material was then allowed to dry overnight in a drying 
oven at 70°C. On removal from the oven it was then possible to peel off the foil and break the 
rutile into squares as marked by the scalpel blade. The binder gives significant strength to the 
feedstock thus enabling a 5 mm diameter hole to be drilled in the centre of each square for 
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mounting on the electrode at a later stage. Since no shrinkage was anticipated in the sintering 
stage no allowance for shrinkage in the calculation of the hole size was necessary. 



About 50 squares of the rutile were loaded up into a furnace in air at room temperature and the 
furnace was switched on and allowed to heat at its natural rate to 1300*0 (time to heat up around 
30 minutes). After 2 hours at this temperature the furnace was switched off and allowed to cool 
at its natural rate (about 20°C per minute initially). When the rutile was below 100°C it was 
unloaded from the furnace and stacked onto a M5 threaded stainless steel rod which was to be 
used as the current carrier. The total amount of rutile loaded was 387 g. The bulk density of the 
feedstock in this form was measured and found to be 2.33±0.07 kg/1 (Le. 55% dense), and its 
strength for handling was found to be quite sufficient. 

The feedstock was then electrolysed using the process described in the above referenced patent 
application at up to 3 V for 51 hours at an electrolyte temperature of 1000°C. The resulting 
material after cleaning and removal of the electrode rod had a weight of 214 g. Oxygen and 
nitrogen analysis indicated that the levels of these interstitials were 800 ppm and 5 ppm 
respectively. The form of the product was very similar to that of the feedstock except the colour 
change and slight shrinkage. Due to the process used to manufacture the feedstock the product 
was friable and could be crushed up using fingers and pliers to a reasonably fine powder. Some 
of the particles were large therefore the material was passed through a 250 pm sieve. 
Approximately 65% by weight of the material was small enough to pass through the 250 jun 
sieve after using this simple crushing technique. 

The resulting powder was washed in hot water to remove the salt and very fine particles, then it 
was washed in glacial acetic acid to remove the CaO and then finally in water again to remove 
the acid. The powder was then dried in a drying oven overnight at 70°C. 

The results can be expressed as the concentration of calciner discharge required to achieve 
useable strength of the feedstock after sintering. At 1300°C about 10% was required, at 1200°C 
about 25% was required and at 1000°C at least 50% was required although this still gave a very 
weak feedstock. 

The calciner discharge used can be replaced by cheaper amorphous TiC>2. The key requirement 
for this Matrix* material is that it sinters easily with significant shrinkage during the sintering 
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process. Any oxide or mixture of oxides which fulfil these criteria would be usable. For Ti0 2 this 
means the particle size must be less than about 1 \tm. It is estimated that at least 5% calcined 
material should be present in order to give any significant strength to the sintered product. 

The starting granules need not be rutile sand but could be manufactured by a sintering and 
crushing process, and in principle there is no reason to suppose that alloy powders could not be 
made by this route. Other metal powders could also presumably be made by this route. 

Production of metal foam 

* 

The inventors have determined that a metal or semi-metal foam may be manufactured by 
electrolysis using the above referenced method. Initially, a foam-like metal oxide or semi-metal 
oxide preform is fabricated, followed by removing oxygen from said foam structured metal 
oxide preform by electrolysis in a fused salt M 2 Y or a mixture of salts, which comprises 
conducting electrolysis under conditions such that reaction of oxygen rather than M 2 deposition 
occurs at an electrode surface and that oxygen dissolves in the electrolyte M 2 Y. 

Titanium foams are attractive for a number of applications such as filters, medical implants and 
structural fillers. Until now however, no reliable method has been found for their manufacture. 
Tartially sintered alloy powder is similar to a foam but is expensive to produce due to the high 
cost of titanium alloy powder, and the porosity that can be achieved is limited to about 40%. 

The inventors have determined that if one fabricates a foam-like sintered titanium dioxide pre- 
form this can be reduced to a solid metal foam by using the electrolysis method above. Various 
established methods could be used to produce a foam like titanium dioxide material from the 
titanium dioxide powder. It is a requirement that the foam preform must have open porosity i.e. 
interconnected and open to the exterior. 

In a preferred embodiment, a natural or synthetic polymeric foam is infiltrated with metal (e.g. 
titanium) or semi -metal oxide slip, dried and fired to remove the organic foam, leaving an open 
'foam' which is an inverse of the original organic foam. The sintered preform is then 
electrolytically reduced to convert it into a titanium or titanium alloy foam. This is then washed 
or vacuum distilled to remove the salt. 
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In an alternative method, metal oxide or semi-metal oxide powder is mixed with organic foaming 
agents. These materials are typically two liquids which when mixed, react to evolve a foaming 
gas, and then cure to give a solidified foam with either an open or closed structure. The metal or 
semi-metal powder is mixed with one or both of the precursor liquids prior to production of the 
foam. The foam is then fired to remove the organic material, leaving ceramic foam. This is then 
electrolytically reduced to give a metal, semi-metal or alloy foam. 

Production of alloy metal matrix composites (MMC's) 

The manufacture of metal, semi-metal or alloy MMC reinforced with ceramic fibres or particles 
such as borides, carbides and nitrides is known to be difficult and expensive. For SiC fibre 
reinforced titanium alloy MMC's, existing methods all use solid state diffusion bonding to 
produce a 100% dense composite and differ only in the way the metal and fibre is combined 
prior to hot pressing. Current methods introduce the metal in the foim of foil, wire, or powder, or 
by plasma spray droplets onto arrays of fibres, or by vapour coating of individual fibres with 
metal, semi-metal or alloy. 

For a particulate reinforced titanium alloy MMC, the preferred traditional production route is by 
mixing of powders and hot pressing. Liquid phase processing is not normally favourable, 
because of problems with the size and distribution of phases formed from the liquid phase. 
However, it is also difficult to achieve an even distribution of ceramic particles by blending of 
metal and ceramic powders, particularly when the powders are of different size ranges, which is 
invariably the case with titanium powder. In the proposed method, fine ceramic particles such as 
titanium diboride are blended with titanium dioxide powder to give a uniform mixture prior to 
sintering and electrolytic reduction. After reduction the product is washed or vacuum annealed to 
remove salt, and then hot pressed to give a 100% dense composite material. Depending on the 
reaction chemistries, the ceramic particles either remain unchanged by the electrolysis and hot 
pressing or would be converted to another ceramic material which would then be the 
reinforcement. For example, on the case of titanium diboride, the ceramic reacts with the 
titanium to form titanium monoboride. In a variation of the new process, fine metal powder is 
mixed with the titanium dioxide powder in place of a ceramic reinforcement powder, with the 
intention of forming a fine distribution of a hard ceramic or intermetallic phase by reaction with 
titanium or another alloying element or elements. For example, boron powder can be added, and 
this reacts to form titanium monoboride particles in the titanium alloy. 
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The inventors have determined that in order to produce a fibre reinforced MMC, individual SiC 
fibres can be coated with an oxide/binder slurry (or mixed oxide slurry for an alloy) of the 
appropriate thickness, or the fibres can be combined with oxide paste or slurry to produce a 
preformed sheet consisting of parallel fibres in a matrix of oxide powder and binder or a 
complex three dimensional shape containing the silicon fibres in the correct positions could be 
cast or pressed from oxide slurry or paste. The coated fibre, preform sheet or three dimensional 
shape can then be made the cathode of an electrolytic cell (with or without a pre-sinter step) and 
the titanium dioxide would be reduced by the electrolytic process to a metal or alloy coating on 
the fibre. The product cajn then be washed or vacuum annealed to remove the salt and then hot 
isostatically pressed to give a 100% dense fibre reinforced composite. 

Production of metal, semi-metal or alloy components 

* 

The inventors have determined that a metal or semi-metal or alloy component may be 
manufactured by electrolysis using the above referenced method. 

+ 

A near net shape titanium or titanium alloy component is made by electrolytically reducing a 
ceramic facsimile of the component made from a mixture of titanium dioxide or a mixture of 
titanium dioxide and the oxides of the appropriate alloying elements. Hie ceramic facsimile 
could be produced using any of the well known production methods for ceramic articles, 
including pressing, injection moulding, extrusion and slip casting, followed by firing (sintering), 
as described before. Full density of the metallic component would be achieved by sintering, with 
or without the application of pressure, and either in the electrolytic cell, or in a subsequent 
operation. Shrinkage of the component during the conversion to metal or alloy would be allowed 
for by making the ceramic facsimile proportionally larger than the desired component 

This method would have the advantage of producing metal or alloy components near to the final 
desired net shape, and would avoid costs associated with alternative shaping methods such as 
machining or forging. The method would be particularly applicable to small intricately shaped 
components. 
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Claims 



1 A method of producing a metal matrix composite comprising: 

(a) blending particulate reinforcement with metal oxide or semi-metal oxide powder to 
provide a mixture; 

(b) sintering said mixture; and 

(c) removing oxygen from sintered mixture by the electrolysis in a fused salt M2Y or a 
mixture of salts, which comprises conducting electrolysis under conditions such that 
reaction of oxygon rather than M2 deposition occurs at an electrode surface and that 
oxygen dissolves in the electrolyte M2Y. 



2 A method of producing a fibre reinforced metal matrix composite comprising: 

(a) coating reinforcement fibres with a metal oxide or semi-metal oxide/binder slurry to 
produce a pre-fonn; and 

(b) removing oxygen from the preform by the electrolysis in a fused salt M 2 Y or a mixture 
of salts, which comprises conducting electrolysis under conditions such that reaction of 
oxygen rather than M2 deposition occurs at an electrode surface and that oxygen 
dissolves in the electrolyte M2Y. 



3 A method of producing a metal or semi-metal or alloy component comprising: 

(a) providing a ceramic facsimile of the component from the metal oxide or semi-metal 
oxide or a mixture of oxides of appropriate alloying elements; and 

(b) removing oxygen from facsimile by the electrolysis in a fused salt M 2 Y or a mixture of 
salts, which comprises conducting electrolysis under conditions such that reaction of 
oxygen rather than M2 deposition occurs at an electrode surface and that oxygen 
dissolves in the electrolyte M2 Y. 



4 A method of removing oxygen from a solid metal, metal compound or semi-metal MiO by 
electrolysis in a fused salt of M 2 Y or a mixture of salts, which comprises conducting 
electrolysis under conditions such that reaction of oxygen rather than M 2 deposition occurs at 
an electrode surface and that oxygen dissolves in the electrolyte M 2 Y and wherein, the metal 
or semi-metal oxide is in the form of a granules or powder. 
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5 A method as claimed in claim 5 wherein said granules or powder are agitated. 

■ 

6 A method of removing oxygen from a solid metal, metal compound or semi-metal M]0 by 
electrolysis in a fused salt of M2Y or a mixture of salts, which comprises conducting 
electrolysis under conditions such that reaction of oxygen rather than M 2 deposition occurs at 
an electrode surface and that oxygen dissolves in the electrolyte M 2 Y and wherein, the metal 
or semi-metal oxide is in the form of a powder or sintered granules which are continuously 
fed into the fused salt 

7 A method of producing a metal or semi-metal foam comprising the steps of fabricating a 
foam-like metal oxide or semi-metal oxide preform, removing oxygen from said foam 
structured metal oxide preform by electrolysis in a fused salt M2 Y or a mixture of salts, 
which comprises conducting electrolysis under conditions such that reaction of oxygen rather 
than M2 deposition occurs at an electrode surface and that oxygen dissolves in the electrolyte 
M 2 Y. 

8 A method as claimed in claim 7 wherein said metal oxide or semi— metal oxide preform is 
produced by infiltrating a polymeric foam with metal oxide or semi-metal oxide slip which is 
then dried and fired. 

9 A method as claimed in claim 8 wherein the metal oxide or semi-metal oxide preform is 
produced by the steps of: 

(a) mixing the metal oxide or semi-metal oxide powder with organic foaming agents so as to 
evolve a foaming gas; 

(b) curing to give a solidified foam; and 

(c) firing the foam to remove the organic material. 

10 A method as claimed in claim 8 wherein said metal oxide or semi-metal oxide preform is 
sintered metal oxide or semi-metal oxide granules. 

1 1 A method of removing oxygen from a solid metal, metal compound or semi-metal MiO by 
electrolysis in a fused salt of M 2 Y or a mixture of salts, which comprises conducting 
electrolysis under conditions such that reaction of oxygen rather than M 2 deposition occurs at 
an electrode surface and that oxygen dissolves in the electrolyte M 2 Y and wherein said 
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electrolysis is performed on a sintered mass of a mixture of metal oxide substantially 
comprising particles of size greater than 20 microns and finer particles of less than 7 
microns. 

12 A method of electrolytic reduction of metal oxide as claimed in claim 1 1 wherein said 
sintered mass is additionally formed by mixing binder and water. 

13 A method as claimed in any of claims 11 or 12 wherein said finer particles make up between 
5 and 70% of the sintered block by weight. 

* 

14 A method as claimed in any of claims 1 1 to 13 wherein said finer particles make up between 
10 and 55% of the sintered block by weight 

15 A feedstock for the electrolytic reduction of metal oxide, said feedstock comprising a 
sintered mass of a mixture of metal oxide particles of size greater than 20 microns and finer 
particles of less than 7 microns. 

16 A feedstock as claimed in claim 15 wherein said finer particles make up between 5 and 70% 
of the sintered block by weight. 

17 A feedstock as claimed in claim 16 wherein said finer particles make up between 10 and 55% 
of the sintered block by weight 

18 A method according to any preceding claim wherein Mi is selected from the group 
comprising Ti, Zr, Hf, Al, Mg, U, Nd, Mo, Cr, Nb, Ge, P, As, Si, Sb, Sm or any alloy 
thereof. 

■ 

19 A method according to any preceding claim wherein M2 is Ca, Ba, Li, Cs, Sr 

20 A method according to any preceding claim wherein Y is CI. 

21 A method of removing oxygen from a titanium dioxide by electrolysis in a fused salt M 2 Y or 
a mixture of salts," which comprises conducting electrolysis under conditions such that 
reaction of oxygen rather than M2 deposition occurs at an electrode surface and that oxygen 




WO 01/62996 PCT/GB01/00683 

13 

dissolves in the electrolyte M2Y and the titanium dioxide feedstock is in the form of sintered 
amorphous slurry with a quantity of between 5 and 95 percent calcined titanium dioxide. 



22 A method for producing titanium powder from titanium dioxide comprising the steps of: 

(a) providing titanium oxide as a first cathode; 

(b) removing oxygen from the titanium dioxide in a fused salt of M2Y or a mixture of salts, 
which comprises conducting electrolysis under conditions such that reaction of oxygen 
rather than M 2 deposition occurs at an electrode surface and that oxygen dissolves in the 
electrolyte M2- 



WO 01/62996 



PCT/GB01/006S3 




SUBSTITUTE SHEET (RULE 26) 



WO 01/62996 PCT/GB01/00683 

2/2 




SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



International Application No 

PCT/G& 01/00683 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 C22B34/12 C25F1/16 C25C3/28 C22B5/00 



According to International Patent Cjasgjficatton (1PQ or to both national ctasstf fcaiion and IPC 



B. B EL OS SEARCHED 



Minimum documemation searched {dasstt cation system fbSovved oy clarification symbofc) 

IPC 7 C22B C25F C25C 



Documentation searched other than minimum documentation to the extent thai such documents are 



in the flefcfc searched 



Electronic data base consulted during the international eearch (name of data base and, where practical search terms used) 

WPI Data, EPO-Internal , COMPENDEX 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category" 



Citation of document, wdth torJcailon. where appropriate, of the relevant passages 



Relevant to daim No. 



Y 
A 



MO 99 64638 A (FARTHING THOMAS WILLIAM 
;UNIV CAMBRIDGE TECH (GB); CHEN ZHENG 
(GB>) 16 December 1999 (1999-12-16) 
cited 1n the application 
claims 1,2,10,23; examples 1,8-11 



3-5,11, 

12,15, 

18-20,22 

6-8 

1,2,13, 

14,16, 

17,21 



US 4 675 985 A (DONAHUE RAYMOND J ET AL) 
24 October 1989 (1989-10-24) 
column 2, line 20 - line 22; claims 
1.13,15 

-/— 



LU 



Further documents are Msted In the continuation of box C. 



Patent family members are lisled in annex. 



° Special categories of died documents : 

'A* document defining the general stale ol tfie art which fs not 
considered to be of particular relevance 

*E* oaruof docatrwnl bul published on or after the international 
tUno date 

"L" document which may throw doubts on priority daJm(s>or 
which is cited to establish the publication date of another 
oftadon or other special reason (as specified) 

■CT document referring to an oral disclosure, use, exhJbiion or 
other means 

■p" document published prior to the International hllng date but 
bier than the priority date claimed 



*T° later document published after the International rang date 
or pnoriy date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

a X* document ot particular relevance: the ctaXned invention 
cannot be considered, novel or cannot be considered Co 
involve an Inventive step when the document is taken alone 

*Y' document of particular relevance; me claimed invention 

cannot be considered to Involve an inventive step when the 
document Is combined wtfh one or more other such docu- 
ments, such combination being obvtous to a person skilled 
in the art. 

document member of the same patent family 



Dale of the actual completion or the International search 



15 June 2001 



Date of mattog of the international search report 

04/07/2001 



Name and mailing address of the ISA 

European Patent Office. P.B. 581« Patent ban 2 

NL - 2280 HV R0sw*k 
Tel. (+31-70) 340-2040. Tx. 31 651 epo nt 
Fax: (+31-70) 340-3016 



Authorized officer 



Bombeke, M 



Form PCT/taV2lO fMCOndtfwat) (July 1982) 



page 1 of 2 





INTERNATIONAL SEARCH REPORT 



lnt#m*tio»4l Application No 

PCT/SB 01/00683 



C(Contlnufltton) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document wtth Itk* cadon, where appropriate, of the relevant passages 



Relevant to claim No. 



A 



DATABASE UP I 

Section Ch, Week 199443 

Derwent Publications Ltd., London, GB; 

Class A97, AN 1994-347403 

XP002169806 

& JP 06 271904 A (JAPAN METALS & CHEM CO 
LTD), 27 September 1994 (1994-09-27) 
abstract 

US 5 865 980 A (K0SLER ROBERT B ET AL) 
2 February 1999 (1999-02-02) 
abstract; figure 1 

DATABASE WPI 

Section Ch, Week 199837 

Derwent Publications Ltd., London, GB; 

Class H28, AN 1998-435531 

XP002169807 

& RU 2 103 391 C (BARAN0V E H), 
27 January 1998 (1998-01-27) 
abstract 



7,8 



15-17 



3-6,11, 
18-22 



3 



Fam PCI71SA/210 (amUmntian <* second shad) (July 199Z) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 



International Application No 

PCT/GB 01/00683 



Patent document 
cited in search report 



Publication 
data 



Patent (amity 
members) 



Publication 
date 



WO 9964633 



US 4875985 



JP 6271904 



US 5865980 



16-12-1999 



AU 4277099 A 
EP 1088113 A 
NO 20006154 A 



24-10-1989 



27-09-1994 



02-02-1999 



CA 
EP 
W0 
US 



1337020 A 
0440711 A 
9004043 A 
4964973 A 



JP 



2825005 B 



MO 
US 
US 
US 
US 



0044952 A 
6126799 A 
6162334 A 
6217739 B 
6030518 A 



30-12-1999 
04-04-2001 
29-01-2001 



19-09-1995 
14-08-1991 
19-04-1990 
23-10-1990 



18-11-1998 



03-08-2000 
03-10-2000 
19-12-2000 
17-04-2001 
29-02-2000 



RU 2103391 



NONE 



Foon PCT/ISAQtO (palMltlariy tnwx) (July 1992) 



